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Introduction
Cereals are grasses mostly cultivated for their edible grains, and they represent important source of minerals and proteins in the developing world. Grains are used as basic food stock in most countries (Cakmak, 2008) .
In developing countries, the diet is often based on cereal consumption, which has low Zn (Zn) content and bioavailability (Cakmak et al., 2010) . The most frequent deficiencies in humans are those of iron, Zn, iodine and vitamin A, and these deficiencies occur especially among women and children in developing countries (WHO, 2002) . Zn deficiency in humans is common, and it is estimated to affect 25% of the world population (Maret and Sandstead, 2006) , especially in several regions with soils deficient in Zn, including India, Pakistan, China, Iran and Turkey (Cakmak et al., 1999, Hotz and Brown, 2004) . The lack of this micronutrient in human beings is responsible for severe health complications, including problems in physical growth; damage to the immune system; damage to learning ability; and increased risk of infections, DNA damage and cancer development (Gibson, 2006; Hotz and Brown, 2004; Prasad, 2007) .
It is possible that low quality cereal grains occur because the main goal of plant breeding programs has been to increase yield during the last decades (Peleg et al., 2008) . However, the nutritional composition is equally important and has been largely neglected in such programs, especially concerning micronutrient contents (Cakmak, 2002) . Thus, future studies assessing more efficient Zn application methods to promote Zn uptake in plants and to maximize the accumulation of this micronutrient in grains must be developed (Camak, 2008) .
In soils with slight Zn deficiency, the yields and quality can be affected without any evident symptoms (Alloway, 2009) , which can result in food production with comprised nutritional value. Therefore, the enrichment of such cereals with Zn is an important global challenge and of great priority in research (Cakmak et al., 2010) . Cereals often present low contents of proteins and micronutrients, including iron and Zn (Newell, 2008) . According to Peck et al. (2008) , no studies have been conducted to evaluate the effect of Zn on the quality of grains or to assess if the increase of available Zn can raise protein concentration in grains (Hemantaranjan and Garg, 1988) because Zn deficiency results in low protein content in plants (Moinuddin and Imas, 2010) . Such decrement is due to decreased RNA as well as the deformation and reduction of ribosomes (Brown et al., 1993) .
In addition, a few field studies on wheat have suggested that the application of fertilizer containing Zn increases the productivity and concentration of Zn in grains by approximately 3.5-fold by soil and foliar application methods in calcareous soils (Yilmaz et al., 1997) .
Studies on Zn with different crops have also been conducted in other locations as follows: beans in Germany (Cakmak et al., 1989) , potatoes in Iran (Mousavi et al., 2007) and wheat in Turkey (Ozturka et al., 2006) . Nevertheless, there is a lack of studies concerning this micronutrient in Brazil, especially in field conditions. Therefore, agronomic techniques suitable to elevate Zn, protein and carbohydrate contents both quantitatively and qualitatively in grains are of great importance and should be extended to other cultures and in different edaphoclimatic conditions. Thus, the main goal of this study was to assess the effects of different Zn application methods and doses on grain quality for corn and sorghum grown in Oxisols.
Materials and methods
The experiment was conducted at FCAV/UNESP (21º15'22'' S and 48º18'58'' W; altitude of 575 m) in Oxisol with a clay texture according to EMBRAPA (2006) . Based on the international classification of Köppen, the climate of the region is Cwa. The soil chemical analysis (0 to 20 cm soil layer) was performed according the methods described by Raij et al. (2001) and had the following properties: pH in CaCl 2 = 5.5; organic matter (OM) = 1.6%; P (resin) = 31 mg kg; K = 0.11 cmol c kg -1 ; Ca = 2.5 cmol c kg -1 ; Mg = 1.2 cmol c kg -1 ; H + Al = 2.2 cmol c kg -1 ; sum of bases (SB) = 3.8 cmol c kg -1 ; CEC = 6.0 cmol c dm -3 ; V% = 63; S = 1.0 mg kg -1 ; B = 0.30 mg kg -1 ; Cu = 1.0 mg kg -1 ; Fe = 13.0 mg kg -1 ; Mn = 16.1 mg kg -1 ; and Zn = 0.5 mg kg -1 . According to the interpretation of Raij et al. (1997) , the content of Zn in this area is considered low, therefore, a deficient condition.
The plots were composed of four lines that were 5 m in length. The two central lines were used for sowing, and the other lines were used as borders with a spacing between lines of 0.9 m for corn and 0.45 m for sorghum. A simple hybrid of corn (Impacto) and simple hybrid of sorghum (Dow822) were used. Sowing was carried out in December 2008, and the medium precipitation during the experimental period from sowing to harvest was 996 mm. The average temperature of the period was 23.8 ºC. No irrigation system was used.
At the time of sowing, basic fertilization was applied uniformly in all treatments with the following composition: 30 kg ha -1 N, 50 kg ha -1 P 2 O 5 and 50 kg ha -1 of K 2 O in the form of urea and NPK fertilizer (02-20-20) .
The following nine treatments were applied: three doses of Zn (2, 4 and 8 kg of Zn ha -1 ) by banded application (seed furrows), three doses of Zn (6, 12 and 24 kg of Zn ha -1 ) incorporated into soil (0-20 cm depth), foliar application (0.4 kg of Zn ha -1 ), seed application (40 g of Zn kg -1 of seeds), and control (no Zn application). The treatments based on soil and foliar application received Zn in the form of Zn sulfate (22.7% Zn and 11% S), and treatments applied to seeds used Zn oxide (79% Zn). The first foliar application was performed 15 days after emergence, and the second application was performed 30 days after emergence. Before the seed application, a sugar solution was applied to the seeds to ensure higher adhesion of fertilizer. The experimental design included randomized blocks with four replicates.
Harvest was performed when grains of both cultures had an approximate humidity of 13%, which was approximately 150 days after emergence of plants. The grains were then oven-dried with forced air circulation (65-70 ºC) and pulverized. The material was digested by the nitric/perchloric acid procedure according to Bataglia et al. (1983) , and Zn content was determined by atomic absorption spectrometry.
The carbohydrate content in grains was determined according the method described by Nelson (1944) and adapted by Somogyi (1952) . To analyze the starch content, the samples were previously subjected to acid hydrolysis and determined by the previously cited method.
Samples were analyzed for crude protein (CP) by the Dumas combustion method using a nitrogen AutoAnalyzer (LECO®, model FP-528) (Wiles et al., 1998) .
The data from the studied variables were subjected to variance analysis by the F-test and using the degrees of freedom from treatments in orthogonal contrasts. Moreover, a polynomial regression was performed for doses pertaining to the Zn application methods via soil. More experimental details are presented in Puga (2011) .
Results and discussion

Treatment effects on nutrient contents in grains
With regard to the Zn content in grains from the corn culture, it was noted that the Zn application promoted higher Zn content (24 to 28 mg kg -1 ) compared to the control (19 mg kg -1 ) ( Table 1) . When studying the correlation of Zn deficiency in corn, Galrão (1994) observed that the contents of this micronutrient in grains varies little among treatments (Zn application methods), which was similar to the present findings. Ferreira et al. (2001) reported that the Zn content in grains increases by 7% due to the application in seed furrows, but the increase reached 32% in the present study. Similarly, when studying doses of Zn applied in soil for corn culture, Kanwal et al. (2010) noted significant increments in the content of this micronutrient in corn grains (21.8 to 30.7 mg kg -1 ).
According to Welch (2002) , increasing the Zn application in soil significantly increases its concentration in edible parts of plants from food cultures. Relatively greater Zn contents in corn Table 1 . Summary of the analysis of variance for the contents of macro-(g kg -1 ) and micronutrients (mg kg -1 ) in grains of corn and sorghum according to the methods of zinc application. According to the F-test, ** denotes significant at 1% probability, and ns denotes not significant.
Zinc application
grains are vital to human nutrition and are thus essential to the biofortification of basic food crops (Graham et al., 1992) . However, accumulation of Zn in grains or seeds is a complex and intricate process that comprises a series of steps from its translocation from roots to shoot and finally to the phloem unloading for grain development (Welch, 1986) .
For the nutrient content in sorghum grains, there were no significant differences for the macro-and micronutrients assessed, except for Zn (Table 1) , in all tested treatments. The application of Zn resulted in higher Zn content (35 to 40 mg kg -1 ) in grains compared to the control (32 mg kg -1 ).
Similar to the corn culture, there was only differences in the first comparison group (Table 1) in which the application of Zn resulted in higher Zn content compared to the control. When studying foliar application of Zn in wheat, Ozturka et al. (2006) found that the greater accumulation of Zn during grain development occurs in the initial stage of grain formation (milk grain stage) suggesting that the foliar application of Zn during the final stage of wheat growth can be an effective way of increasing the Zn concentration in grains.
Effects of treatments on carbohydrate contents in grains
For the corn culture, in the first comparison group tested (control vs. other treatments) (Table  2) , there were no differences in all the variables analyzed (soluble carbohydrates, starch and total carbohydrates).
Moreover, there were no significant differences between the soil application and plant application treatments (Table 2) as well as between the soil application and seed application. However, Mousavi et al. (2007) studied foliar application of Zn sulfate in potato crops and demonstrated that higher doses of this element increases starch content in potatoes.
With regard to the Zn applications in soil, the banded application provided higher contents of soluble carbohydrates, starch and total carbohydrates. According to Dechen and Nachtigall (2006) , plants have low starch contents when deficient for Zn.
When Zn was applied to the soil, differences were observed among doses. The banded application of Zn promoted a decrease with linear adjustment in soluble carbohydrate content (Figure 1a According to the F-test, ** denotes significance at 1% probability, and ns denotes not significant. However, when Zn was incorporated into the soil, a quadratic adjustment existed for the soluble carbohydrate content (Figure 2a ) (minimum point of 8.7 kg ha -1 ), starch content (Figure 2b ) (minimum point of 12.3 kg ha -1 ) and total carbohydrate content (Figure 2c ) (minimum point of 11.6 kg ha -1 ). This trend may have occurred due to the use of higher doses in these treatments, thereby increasing the bioavailability of Zn and its uptake by roots. In an experiment with cassava, Souza et al. (1991) verified that the Zn dosage of 4 kg ha -1 in soil does not cause differences in the starch content.
With regard to the sorghum crop in the first contrast tested (control vs. other treatments (Table 2) , differences occurred only for the soluble carbohydrates. Studies have demonstrated that the role of Zn in carbohydrate metabolism (Sharma et al., 1990) is to inhibit the transport of photoassimilates (Samarakoon and Rauser, 1979) . However, little is known about the effects of Zn concerning the carbohydrate content in plants (Ghnaya et al., 2010) .
When comparing the soil application to the plant application, the soil application resulted in a higher content of soluble carbohydrates in corn grains, and the plant application promoted higher contents of starch and total carbohydrates ( Table 2) .
When comparing the applications of Zn to plants, foliar application promoted higher contents of soluble carbohydrates, starch and total carbohydrates.
When comparing the applications of Zn to soil, the banded application provided higher contents of starch and total carbohydrates, but the incorporation of Zn into soil increased the contents of soluble carbohydrates.
Zn application demonstrated differences among doses of Zn applied to the soil, except for the soluble carbohydrate content. The banded application of Zn promoted a quadratic adjustment in starch content (Figure 3a ) (maximum point of 3.5 kg ha -1 ) and total carbohydrates (Figure 3b ) (maximum point of 3.4 kg ha -1 ) in sorghum grains. Incorporation of Zn into soil promoted an increase with linear adjustment in soluble carbohydrates (Figure 4a ) and a quadratic adjustment in starch content (Figure 4b ) (minimum point of 13.5 kg ha -1 ) and total carbohydrate content ( Figure 4c ) (minimum point of 13.8 kg ha -1 ).
Effects of treatments on protein content in grains
As presented in Table 3 , the first contrast (control vs. other treatments) for corn showed that the application of Zn promoted a higher content of protein in corn grains when compared to the control regardless of the application method. Zn is the micronutrient that affects protein synthesis the most in plants (Obata et al., 1999) . There are over 300 enzymes that require Zn for structural integrity and biological function (Marschner, 1995) . According to Sharma et al. (1982) , the protein synthesis rate and content in plants with Zn deficiency are drastically reduced. Such decrement is attributed to decreased RNA as well as the deformation and reduction of ribosomes (Brown et al., 1993) .
No differences were observed when Zn applications in soil and plants were compared. Nevertheless, comparison of the Zn treatment via leaves with the treatment via seeds indicated that foliar application provided a higher content of protein in grains.
Comparison of the application of this micronutrient in soil demonstrated that the banded application of Zn promoted greater increases in protein content than the incorporated treatment.
Zn application resulted in differences among doses when incorporated in soil. Zn applied in such manner promoted increases with linear adjustment for the protein content of corn grains (y = 0.029x + 7.726; R 2 = 0.72). When studying the effect of Zn in a nutrient solution on beans, Cakmak et al. (1989) Zn observed that the Zn supply increases the protein content of leaves from this culture as compared to plants that did not receive Zn. Such increment in protein content can be attributed to Zn application increasing plant Zn uptake (Table 3) , which is reflected by protein synthesis because Zn catalyzes RNA polymerase, inhibits RNAse and is a part of the ribosome structure (Prado, 2008) .
The first contrast (control vs. other treatments) for sorghum showed that there were no differences in the protein content of sorghum grains in all tested treatments (Table 3) , and no differences were found when comparing the addition of Zn to soil with the addition to plants. However, Zn deficiency disrupts protein synthesis (RNA) and nitrate reduction, thereby promoting a decrease in RNA levels, which results in less protein synthesis and difficulties in cell division. These effects can be explained by the fact that Zn inhibits RNAse (RNA disintegrator) and is a part of the RNA polymerase, which synthesizes RNA (Malavolta, 2006) .
Compared to seed application of Zn, Znfoliar application of Zn promoted higher protein content in grains. Mousavi et al. (2007) studied foliar application of Zn sulfate in potato crops and showed that higher doses of this element promotes increased protein content in this culture.
Compared to incorporation of Zn, banded application of Zn caused greater increases of protein content.
Zn application via soil resulted in different protein contents in grains. The banded application of Zn caused an increase with quadratic adjustment of the protein content in grains (y = -0.0205x 2 + 0.1815x + 9.5879; R 2 = 0.94), and the 4.4 kg ha -1 According to the F-test, ** and * denote significance at 1 and 5% probability, and ns denotes not significant.
dose provided the highest content. Moreover, incorporated application of Zn resulted in a quadratic adjustment (y = 0.0038x 2 -0.0662x + 9.526; R 2 = 0.84) (minimum point of 8.7 kg ha -1 ).
In Zn deficiency conditions, several metabolic processes in plants, such as RNA metabolism and protein synthesis, are compromised (Kitagishi; Obata, 1986) . . 40(1) :97-108. Los suelos tropicales, en general, tienen una baja concentración de zinc (Zn), y la deficiencia de este micronutriente es reconocida como un problema nutricional mundial para la producción de cereales y para los seres humanos. Así, el objetivo de este estudio fue evaluar los efectos de diferentes métodos de aplicación de Zn sobre la calidad del grano de maíz y sorgo. Para esto, se realizaron dos experimentos en el área experimental de FCAV/UNESP, Jaboticabal, Brasil. Se aplicaron nueve tratamientos: tres dosis de Zn aplicadas en forma localizada en los surcos de las semillas, tres dosis de Zn aplicadas en forma incorporada al suelo (0-20 cm de profundidad), una dosis aplicada en forma foliar, y el tratamiento control (sin aplicación de Zn); dispuestos en un diseño de bloques completos al azar con cuatro repeticiones. Las variables medidas fueron: contenido de Zn, proteínas y carbohidratos en los granos de maíz y sorgo. La adición de Zn, independientemente del modo, promovió mayores niveles de este micronutriente en los granos de maíz y sorgo. El modo de aplicación de Zn en el suelo de una forma localizada mostró mayores niveles de carbohidratos, almidón y proteína en las semillas de ambos cultivos. La aplicación de Zn en el suelo de modo incorporado resultó en altos niveles de carbohidratos solubles en los granos de maíz y sorgo.
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